REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis 
Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a 
collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

02-06-2008  Technical  Paper 

3.  DATES  COVERED  (From  -  To) 

4.  TITLE  AND  SUBTITLE 

Near  Plume  Laser  Induced  Fluorescence  Velocity  Measurements  of  a  600  W  Hall 
Thruster  (Preprint) 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

William  A.  Hargus  &  Christopher  S.  Charles  (AFRL/RZSS) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

23080535 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory  (AFMC) 

AFRL/RZSS 

1  Ara  Drive 

Edwards  AFB  CA  93524-7013 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

AFRL-RZ-ED -TP-2008- 1 7 9 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR’S 
ACRONYM(S) 

Air  Force  Research  Laboratory  (AFMC) 
AFRL/RZS 
5  Pollux  Drive 

Edwards  AFB  CA  93524-7048 


11.  SPONSOR/MONITOR’S 
NUMBER(S) 

AFRL-PR-ED-TP-2008- 1 7 9 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  unlimited  (PA  #082 15 A). 


13.  SUPPLEMENTARY  NOTES 

For  presentation  at  the  44th  AIAA  Joint  Propulsion  Conference,  to  be  held  in  Hartford,  CT,  20-23  July  2008. 


14.  ABSTRACT 

This  work  presents  the  near  exit  plane  velocity  field  of  the  Busek  Company  BHT-600-Circular  600  W  Hall  thruster  at  a  single  operating 
condition  with  a  300  V  anode  potential.  The  xenon  ion  propellant  velocities  were  measured  using  laser  induced  fluorescence  of  the  5d[4]7/2  - 
6p[3]  5/2  excited  state  xenon  ionic  transition  at  834.72  nm.  Ion  velocities  were  interrogated  from  the  acceleration  channel  exit  plane  to  a  distance 
100  mm  from  the  exit  plane  (1.6  exit  plane  diameters).  Both  axial  and  radial  velocities  were  directly  measured.  A  nearly  uniform  axial  velocity 
profile  of  approximately  17,000  m/s  (197  eV)  was  measured  at  the  acceleration  channel  center  on  the  exit  plane.  The  maximum  axial  velocity 
was  measured  100  mm  from  the  exit  plane  at  19,800  m/s  (267  eV).  Radial  velocity  measurements  were  used  to  determine  the  divergence  of  the 
plume,  as  well  as  in  conjunction  with  the  coaxial  symmetry  of  the  thruster  to  determine  azimuthal  velocities  in  several  regions  proximate  to  the 
exit  plane.  The  475  m/s  mean  azimuthal  velocity  was  measured  5  mm  from  the  exit  plane.  From  this  value,  it  is  possible  to  estimate  a  maximum 
thruster  induced  torque  of  3.2  x  10"5  Nm.  Due  to  the  divergence  and  convergence  of  the  coaxial  ion  flow,  distinct  ion  populations  were  observed 
to  interact  in  the  central  core  of  the  near  plume.  This  is  apparent  in  measurement  volumes  where  multiple  radial  and  axial  velocity  components 
were  measured.  These  regions  also  typically  correspond  with  the  brightest  portions  of  the  visible  plume. 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE 
PERSON 

Dr.  William  A.  Hargus,  Jr. 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

SAR 

11 

19b.  TELEPHONE  NUMBER 

(include  area  code) 

Unclassified 

Unclassified 

Unclassified 

N/A 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  239.18 


Near  Plume  Laser  Induced  Fluorescence  Velocity 
Measurements  of  a  600  W  Hall  Thruster  (Preprint) 

William  A.  Hargus,  Jr.*and  Christopher  S.  Charles^ 

AFRL  Spacecraft  Propulsion,  Edwards  AFB,  CA ,  93524,  USA 


This  work  presents  the  near  exit  plane  velocity  field  of  the  Busek  Company  BHT-600- 
Circular  600  W  Hall  thruster  at  a  single  operating  condition  with  a  300  V  anode  potential. 
The  xenon  ion  propellant  velocities  were  measured  using  laser  induced  fluorescence  of  the 
5d[4]7/2  —  6p [3] 5/2  excited  state  xenon  ionic  transition  at  834.72  nm.  Ion  velocities  were 
interrogated  from  the  acceleration  channel  exit  plane  to  a  distance  100  mm  from  the  exit 
plane  (1.6  exit  plane  diameters).  Both  axial  and  radial  velocities  were  directly  measured.  A 
nearly  uniform  axial  velocity  profile  of  approximately  17,000  m/s  (197  eV)  was  measured  at 
the  acceleration  channel  center  on  the  exit  plane.  The  maximum  axial  velocity  was  measured 
100  mm  from  the  exit  plane  at  19,800  m/s  (267  eV).  Radial  velocity  measurements  were 
used  to  determine  the  divergence  of  the  plume,  as  well  as  in  conjunction  with  the  coaxial 
symmetry  of  the  thruster  to  determine  azimuthal  velocities  in  several  regions  proximate  to 
the  exit  plane.  The  475  m/s  mean  azimuthal  velocity  was  measured  5  mm  from  the  exit 
plane.  From  this  value,  it  is  possible  to  estimate  a  maximum  thruster  induced  torque  of 
3.2  X  10“ 5  Nm.  Due  to  the  divergence  and  convergence  of  the  coaxial  ion  flow,  distinct 
ion  populations  were  observed  to  interact  in  the  central  core  of  the  near  plume.  This  is 
apparent  in  measurement  volumes  where  multiple  radial  and  axial  velocity  components  were 
measured.  These  regions  also  typically  correspond  with  the  brightest  portions  of  the  visible 
plume. 


I.  Introduction 

TO  better  characterize  the  use  of  Hall  thrusters  for 
on-orbit  propulsion  applications,  there  is  a  need 
for  improved  understanding  of  the  near  exit  plane 
xenon  ion  velocity  field.  Spacecraft  interaction  mod¬ 
els  have  been  developed  which  utilize  near  exit  plane 
plasma  information  to  estimate  plume  divergence  and 
interactions  with  spacecraft  surfaces.1  A  major  lim¬ 
itation  of  these  models  is  the  accuracy  of  available 
near  exit  plane  plume  data  for  validation.  The  goal 
of  this  study  is  to  characterize  the  near  plume  veloc¬ 
ity  field  of  a  600  W  Hall  thruster  using  excited  state 
ionic  xenon  laser-induced  fluorescence  (LIF).  LIF  is 
an  ideal  diagnostic  for  the  investigation  of  plasma  in 
the  near  plume  regions  since  it  is  a  non-intrusive  mea¬ 
surement.  Unlike  probe  based  measurements,  LIF 
will  not  perturb  the  local  plasma,  or  thruster  opera¬ 
tion. 

This  effort  characterizes  the  external  xenon  ion  ve¬ 
locity  profiles  of  a  mid-power  (600  W)  Hall  thruster 
at  its  nominal  operating  condition  with  a  300  V  an¬ 
ode  potential.  Two  orthogonal  ion  velocities  are  si¬ 
multaneously  probed  using  phase  sensitive  detection 
in  the  near  field  plume  (less  that  100  mm  from  the 
exit  plane)  in  a  three  dimensional  volume.  By  the 


manipulation  of  the  thruster  location  relative  to  the 
laser  probe  volume,  we  are  able  to  measure  axial,  ra¬ 
dial,  and  azimuthal  ion  velocities.  Knowledge  of  these 
velocities  provides  insights  into  the  extent  of  the  ex¬ 
ternal  axial  acceleration,  the  radial  divergence  of  the 
ions  in  the  plume,  and  the  torque  produced  by  the 
azimuthal  motion  of  the  exiting  ions. 


II.  Xenon  Ion  Laser  Induced 
Fluorescence 

LIF  is  a  convenient  diagnostic  for  the  investigation 
of  ion  and  atomic  velocities  as  it  does  not  perturb  the 
plasma  as  do  other  common  diagnostic  techniques, 
most  notably  electrostatic  probes.  For  the  results 
reported  here,  the  5d[4]7/2  —  6_p[3] 5 /2  electronic  tran¬ 
sition  of  Xe  II  at  834.72  nm  is  probed.  The  isotopic 
and  nuclear-spin  effects  contributing  to  the  hyperfine 
structure  of  the  5d[4]7/2  —  6p[3]5/2  xenon  ion  tran¬ 
sition  produce  a  total  of  19  isotopic  and  spin  split 
components.  The  hyperfine  splitting  constants  which 
characterize  the  variations  in  state  energies  are  only 
known  for  a  limited  set  of  energy  levels.  Unfortu¬ 
nately,  the  834.72  nm  xenon  ion  transition  only  has 
confirmed  data  on  the  nuclear  spin  splitting  constants 
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of  the  6p[ 3] 5/2  upper  state.2  5 

For  velocity  measurements,  it  is  often  convenient 
to  probe  optically  accessible  transitions  for  which 
there  is  incomplete  knowledge  of  the  isotopic  and  nu¬ 
clear  spin  splitting  constants.  Manzella  and  others 
have  previously  used  the  5d[4]7/2  —  6p[3]5/2  xenon  ion 
transition  at  834.72  nm  to  make  velocity  measure¬ 
ments  in  a  Hall  thruster  plume.2,6,7  A  convenient 
feature  of  this  transition  is  the  presence  of  a  rela¬ 
tively  strong  line  originating  from  the  same  upper 
state  (the  6s[2]3/2  —  6p[3]5/2  transition  at  541.9  nm) 
which  allows  for  nonresonant  fluorescence  collection.8 
A  nonresonant  fluorescence  scheme  is  preferred  where 
there  is  the  possibility  of  laser  scattering  from  sur¬ 
faces.  The  local  velocity  is  determined  by  the  spa¬ 
tially  resolved  measurement  of  the  Doppler  shift  of 
the  absorbing  ions.9 

III.  Experimental  Apparatus 

The  LIF  measurements  were  performed  in  Cham¬ 
ber  6  of  the  Air  Force  Research  Laboratory  (AFRL) 
Electric  Propulsion  Laboratory  at  Edwards  AFB, 
CA.  Chamber  6  is  a  non- magnetic  stainless  steel  vac¬ 
uum  chamber  with  a  1.8  m  diameter  and  3  m  length. 
It  has  a  measured  pumping  speed  of  32,000  1/s  on 
xenon.  Pumping  is  provided  by  four  single  stage  cryo¬ 
genic  panels  (single  stage  cold  heads  at  25  K)  and  one 
50  cm  two  stage  cryogenic  pump  (12  K).  Chamber 
pressure  during  thruster  operation  is  approximately 
6.7  x  10-3  Pa,  corrected  for  xenon. 

Table  1.  Nominal  BHT-600  Hall  thruster  operating  con¬ 
ditions. 


Anode  Flow 

2.453  mg/s 

Cathode  Flow 

197  g/s 

Anode  Potential 

300  V 

Anode  Current 

1.97  A 

Keeper  Current 

0.5  A 

Heater  Current 

3.0  A 

The  Hall  thruster  used  in  this  study  is  the  circular 
600  W  Busek  Company  BHT-600  Hall  thruster  with 
a  Busek  3.2  mm  hollow  cathode.  The  acceleration 
channel  of  the  thruster  has  a  32  mm  outer  radius 
and  a  24  mm  inner  radius.  The  thruster  has  been 
characterized  by  Busek  to  have  a  thrust  of  39  mN 
with  a  specific  impulse  of  1,530  s  yielding  an  efficiency 
of  approximately  50%  A  photograph  of  the  circular 
BHT-600  Hall  thruster  is  shown  in  Fig.  1.  Table  1 
shows  the  nominal  operating  conditions  for  the  cylin¬ 
drical  BHT-600  thruster  during  these  measurements. 
During  thruster  operation,  the  parameters  shown  in 
Table  1  are  monitored  and  recorded  at  a  1  Hz  data 


Figure  1.  Photograph  of  Busek  circular  BHT-600  Hall 
thruster. 


rate  by  an  automated  data  acquisition  system. 

The  thruster  is  mounted  on  a  three  axis  orthogo¬ 
nal  computer  controlled  translation  system.  Figure  2 
shows  the  Hall  thruster  within  the  vacuum  chamber 
as  well  as  the  orientation  of  the  two  LIF  probe  beams. 
The  laser  is  a  tunable  diode  laser.  It  is  capable  of 
tuning  approximately  ±50  GHz  about  a  center  wave¬ 
length  of  834.72  nm.  The  10  mW  beam  is  passed 
through  a  Faraday  isolator  to  eliminate  feedback  to 
the  laser.  The  laser  beam  then  passes  through  several 
beam  pick-offs  until  it  is  focused  by  a  lens  and  enters 
the  vacuum  chamber  through  a  window.  The  probe 
beam  is  chopped  at  a  frequency  by  an  optical  chopper 
(Ch2  at  2.8  kHz)  for  phase  sensitive  detection  of  the 
fluorescence  signal. 

The  two  wedge  beam  pick-offs  (BS)  shown  in  Fig.  3 
provide  portions  of  the  beam  for  diagnostic  purposes. 
The  first  beam  pick-off  directs  a  beam  to  a  photo¬ 
diode  detector  (Dl)  used  to  provide  constant  power 
feedback  to  the  laser.  The  second  beam  is  divided 
into  two  equal  components  by  a  50-50  cube  beam 
splitter.  The  first  component  is  directed  to  a  com¬ 
mercial  wavelength  meter  used  to  monitor  absolute 
wavelength.  The  second  component  is  sent  through 
an  optical  chopper  (Chi  at  1.4  kHz)  and  through  a 
low  pressure  xenon  hollow  cathode  discharge  lamp. 
The  lamp  provides  a  stationary  absorption  reference 
for  the  determination  of  the  Doppler  shift.  Unfortu- 
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Figure  2.  Side  view  diagram  of  thruster  within  AFRL 
chamber  6  showing  the  translation  stages  two  and  laser 
probe  beams. 


nately,  there  is  no  detectable  population  of  the  ionic 
xenon  5d[4]7/2  state.  However,  there  is  a  nearby 
(estimated  to  be  18.1  GHz  distant)  neutral  xenon 
6s' [1/2]  i  —  6_p'  [3/2] 2  transition  at  834.68  nm. 10,11  The 
second  pick-off  sends  a  beam  to  a  300  MHz  free  spec¬ 
tral  range  Fabry-Perot  etalon  (F-P)  that  provides 
high  resolution  frequency  monitoring  of  the  wave¬ 
length  interval  swept  during  a  laser  scan. 

The  fluorescence  collection  optics  are  also  shown  in 
Fig.  3.  The  fluorescence  is  collected  by  a  75  mm  di¬ 
ameter,  300  mm  focal  length  lens  within  the  chamber. 
The  collimated  signal  is  directed  through  a  window 
in  the  chamber  side  wall  to  a  similar  lens  that  fo¬ 
cuses  the  collected  fluorescence  onto  the  entrance  slit 
of  125  mm  focal  length  monochrometer  with  a  pho¬ 
tomultiplier  tube  (PMT).  The  spatial  resolution  of 
the  measurements  is  determined  by  the  geometry  of 
the  entrance  slit  1  mm  width  and  1.7  mm  height  (1:1 
magnification  collection  optics). 

The  laser  is  controlled  by  an  analog  ramp  signal 
generated  by  a  multipurpose  data  acquisition  system. 
During  each  laser  scan,  the  data  acquisition  system 
records  the  absorption  and  two  fluorescence  signals 
generated  by  three  dual  phase  lock-in  amplifiers.  The 
signal  from  the  Fabry-Perot  etalon  photodiode  de¬ 
tector  (D3)  signal  is  also  recorded  after  amplification 
and  filtration  using  a  current  preamplifier.  Typically, 
the  scans  span  approximately  55  GHz.  Each  scan 
yields  four  data  traces  of  several  thousand  points. 
The  traces  are  then  stored  for  post  processing. 

Figure  4  shows  a  cut-a-way  view  of  the  near  field 
geometry  of  the  Busek  BHT-600  Hall  thruster.  The 
locations  of  the  central  magnetic  poles  and  edges  of 


Figure  3.  Top  view  diagram  of  the  laser  optical  train  and 
collection  optics. 


the  acceleration  channel  are  indicated  as  is  the  posi¬ 
tion  of  the  cathode.  The  Cartesian  coordinate  system 
and  origin  used  in  these  measurements  are  also  shown 
in  Fig.  4  ,  with  positive  X  axis  going  into  the  page. 
The  coordinate  system  orientation  is  also  referenced 
in  Figs.  2  and  3.  The  origin  is  at  the  center  of  the 
thruster  face  due  to  the  ease  and  repeatability  with 
which  this  position  could  be  located.  All  measure¬ 
ments  presented  in  this  work  will  be  located  using 
these  coordinates. 

While  the  majority  of  the  measurements  presented 
in  this  work  are  on  the  Y-Z  plane  (X  =  0  mm),  a 
significant  number  of  data  were  also  taken  on  the  X- 
Z  plane  (Y  =  0  mm).  In  the  Y-Z  plane,  the  vertical 
probe  beam  shown  in  Fig.  2  will  sample  the  radial  ion 
velocities.  While  in  the  X-Z  plane,  the  same  probe 
beam  will  sample  the  azimuthal  ion  velocities.  We  are 
only  aware  of  one  other  azimuthal  velocity  measure¬ 
ment  performed  by  Manzella  using  a  retro-reflection 
technique.6 
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Figure  4.  Top  view  diagram  of  the  laser  optical  train  and 
collection  optics. 


IV.  Experimental  Results 

In  this  work,  we  have  chosen  to  represent  the  bulk 
ion  velocities  by  using  the  shift  of  the  peak  of  the 
fluorescence  trace.  In  most  cases,  this  provides  an 
unambiguous  indication  of  the  bulk  velocity  of  the  ion 
stream  at  a  location  determined  by  the  translation 
stage  in  a  volume  dictated  by  the  collection  optics 
and  laser  beam  waist  (1  mm  to  1.7  mm  length  by 
200  /im  diameter).  This  corresponds  the  peak  of  the 
velocity  distribution  which  is  near  the  mean  for  many 
cases. 

Due  to  several  factors,  the  absolute  uncertainty  of 
the  reported  velocities  is  estimated  to  be  ±500  m/s. 
The  first  and  most  important  factor  is  the  uncertainty 
in  the  relative  neutral  and  ionic  transition  energies. 
The  second  source  of  uncertainty  is  the  broadening 
of  the  line  shape  which  is  indicative  of  a  broadened 
velocity  distribution.  Therefore,  there  is  some  am¬ 
biguity  as  to  the  location  of  the  shifted  peak.  This 
distribution  is  often  not  consistent  with  a  Maxwellian 
distribution,  and  as  such,  does  not  necessarily  indi¬ 
cate  a  temperature.  There  is  also  some  evidence  that 
the  broadening  of  the  traces  in  part  is  due  to  the 
20-40  kHz  breathing  mode  oscillation  typical  of  Hall 
thrusters.12 

We  recognize  the  portions  of  the  plume  where  dis¬ 
tinct  ion  velocity  populations  interact  by  the  appear¬ 
ance  of  more  than  one  recognizable  velocity  popula¬ 
tion.  In  these  cases,  the  distinct  peaks  are  each  as¬ 


signed  a  velocity.  In  all  cases,  the  peaks  are  within  the 
quoted  uncertainty  of  ±500  m/s,  or  better.  In  fact, 
the  repeatability  (precision)  of  by  which  the  peaks  are 
located  appears  to  be  a  fraction  of  the  quoted  uncer¬ 
tainty  («  ±100  m/s).  However,  the  fluorescence  line 
shapes  are  often  significantly  broadened  in  these  ar¬ 
eas  of  the  plume  where  there  is  interaction  between 
several  velocity  distributions.  This  broadening  is  pre¬ 
sumably  due  to  wide  velocity  distributions  produced 
by  the  mechanism  governing  the  flow  interaction.  It  is 
not  clear  from  this  work  what  the  precise  mechanism 
of  the  flow  interaction  gives  rise  to  a  Hall  thruster 
plume’s  distinct  central  luminous  core.  In  light  of  the 
complexity  of  the  plume  flow  structure,  the  quoted 
uncertainty  in  the  value  of  the  velocities  should  be 
viewed  as  the  uncertainty  in  the  determination  of 
the  peak  of  the  fluorescence  line  shape.  In  most  of 
the  plume,  this  will  correspond  to  the  mean  velocity 
of  the  ion  population.  When  multiple  velocities  are 
given  for  a  single  location  (and  there  are  generally 
ions  with  intermediate  velocities),  the  vast  majority 
of  the  ions  are  well  characterized.  However,  the  rela¬ 
tive  weighting  is  not  readily  apparent.  Furthermore, 
there  is  a  degree  of  arbitrariness  in  the  assignment 
of  minimum  peak  levels  to  determine  what  consti¬ 
tutes  a  significant  velocity  population.  It  is  possible 
to  extract  velocity  distributions  from  the  raw  fluo¬ 
rescence  traces;  however,  these  techniques  typically 
require  higher  signal  to  noise  ratios  than  available  in 
this  study.13 

IV. A.  Y-Z  Plane  Ion  Velocity  Field 

As  previously  stated,  a  large  number  of  ion  ve¬ 
locity  measurements  were  taken  in  the  Y-Z  plane 
(X  =  0  mm) .  These  take  advantage  of  the  nearly  sym¬ 
metrical  flow  of  xenon  ions  exiting  the  Hall  thruster. 
In  the  Y-Z  plane,  the  Y  velocity  component  uniquely 
corresponds  to  the  radial  velocity  of  the  ions  exiting 
the  Hall  thruster.  As  always,  the  Z  velocity  compo¬ 
nent  is  the  Hall  thruster  axial  ion  velocity. 

Figure  5  shows  the  Y-Z  velocity  field  measured 
in  this  study  for  the  nominal  operating  conditions. 
As  shown,  the  ions  diverge  as  they  emerge  from  the 
thruster  acceleration  channel.  The  ions  are  externally 
accelerated  axially  as  well  as  radially.  This  results 
in  considerable  divergence  from  the  exit  of  acceler¬ 
ation  channel  annulus.  As  a  result,  there  is  diver¬ 
gence  of  the  plume  overall  with  ions  flowing  at  highly 
oblique  angles  to  the  plume  (Z)  axis.  This  divergence 
is  coupled  with  significant  ion  focusing  toward  plume 
centerline.  This  produces  regions  where  more  than 
one  distinct  ion  velocity  is  present  in  Fig.  5.  The 
most  prominent  region  where  this  occurs  is  the  cen¬ 
tral  core  of  the  plume.  Beginning  at  approximately 
50  mm  downstream  of  the  exit  plane  in  the  flow  cen- 
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ter,  the  radial  velocities  exhibit  two  peaks  and  are 
correspondingly  assigned  two  velocity  vectors.  It  is 
believed  that  this  region  is  an  area  of  flow  mixing 
as  ions  from  different  sides  of  the  acceleration  an¬ 
nulus  interact.  The  precise  form  of  the  interaction 
is  not  completely  clear  and  several  mechanisms  can 
be  considered  ranging  from  ion  collisional  excitation 
to  an  a  low  density  electrostatic  shock.14  These  rela¬ 
tively  low  radial  velocity  ions  correspond  to  the  bright 
central  core  exhibited  in  Hall  type  thrusters.  Nearly 
identical  behavior  has  been  observed  in  prior  mea¬ 
surements,  and  to  a  greater  extent  with  a  similar 
200  W  Hall  effect  thruster  primarily  due  to  its  smaller 
physical  size  which  allows  interrogation  of  a  larger 
number  of  thruster  diameters  downstream.7  In  this 
previous  study,  there  is  also  a  region  with  two  distinct 
axial  velocity  populations.  It  was  detected  2  diame¬ 
ters  downstream  and  appears  to  correspond  the  the 
edges  of  the  visible  plume.  This  effect  is  not  as  clearly 
discernible  of  this  medium  power  Hall  thruster  due  to 
the  study  volume  only  extending  1.5  exit  diameters 
into  the  plume.  Otherwise  the  plume  is  remarkably 
similar  to  this  previous  study. 

Figure  6  breaks  out  the  velocity  profiles  as  mea¬ 
sured  in  the  Y-Z  plane  that  were  used  to  create  the 
vector  plot  in  Fig.  5.  At  the  thruster  exit  (Z  =  0  mm), 
the  axial  velocity  is  approximately  17  km/s  (197  eV), 
but  the  radial  velocity  profile  across  the  acceleration 
channel  is  sharply  sloped,  varying  from  +5  km/s  to 
-5  km/s,  indicative  of  the  degree  of  initial  plume  di¬ 
vergence.  On  the  thruster  face  centerline,  there  is 
a  very  different  ion  population.  This  region  appears 
to  consist  of  very  low  velocity  ions,  possibly  in  some 
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sort  of  isolated  recirculation  zone.  Signal  strength 
at  the  exit  plane  was  affected  by  the  thruster  cur¬ 
rent  oscillations.  The  effect  appeared  to  lessen  with 
measurements  further  downstream.  The  thruster  cur¬ 
rent  oscillations  effect  on  the  signal  to  noise  ratio  ap¬ 
pear  to  have  affected  the  analysis  of  the  velocities  at 
Z  =  0  mm  and  there  appears  to  be  additional  uncer¬ 
tainty  in  several  of  these  measurements. 

Further  downstream  into  the  plume,  the  axial  ve¬ 
locities  develop  as  they  simultaneously  diverge  due 
to  the  steep  radial  velocity  gradient  and  undergo  ex¬ 
ternal  axial  acceleration.  Ultimately  the  external 
acceleration  increases  the  terminal  axial  velocity  to 
19.8  km/s  (267  eV)  indicating  that  approximately 
70  eV  of  additional  energy  is  deposited  on  a  portion 
of  the  ion  population  in  the  near  plume  region.  As 
the  plume  evolves,  the  curvature  of  the  axial  veloc¬ 
ity  profiles  flattens.  At  Z  =  35  mm,  the  flows  from 
the  opposite  sides  of  the  annulus  appear  to  meet  and 
begin  to  interact.  Beyond  this  axial  location,  there 
is  considerable  evidence  interaction  between  the  ion 
populations  within  the  flow  as  multiple  radial,  and  oc¬ 
casionally  axial,  velocities  are  become  common.  This 
is  most  clearly  illustrated  at  Z  =100  mm  where  the  in¬ 
teraction  between  the  various  ion  populations  is  most 
readily  evident  by  the  overlap  of  radial  velocity  pro¬ 
files. 

Figure  7  shows  the  axial  velocity  evolution  in  the 
Y  =+28  mm,  X  =  0  mm  line  located  at  the  cen¬ 
ter  of  the  acceleration  channel  annulus  and  extending 
axially  into  the  plume.  The  external  acceleration  is 
completed  by  Z  =  20  mm  which  corresponds  to  the 
Z  position  of  the  cathode.  However,  it  can  be  as¬ 
sumed  that  plasma  equipotential  lines  do  not  follow 
the  physical  placement  of  the  cathode.  As  stated  ear¬ 
lier  the  external  acceleration  is  approximately  70  eV 
and  represents  26%  of  the  ion  kinetic  energy,  a  sizable 
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Figure  6.  Ion  velocity  components  for  various  locations  in  Z  on  the  Y-Z  plane.  The  closed  symbols  represent  axial  (Z) 
velocity  components  and  the  open  symbols  represent  the  radial  (Y)  velocity  components. 
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Figure  8.  Acceleration  channel  center  axial  (Z)  and  radial 
(Y)  on  velocity  components  at  X  =  Y  =  0  mm. 


Figure  9.  Front  surface  erosion  of  a  rectangular  BHT-600 
thruster  following  extended  operation.  Note  the  exposed 
metal  at  the  thruster  center  where  the  protective  alumina 
covering  has  been  eroded. 


fraction  of  the  267  eV  maximum  axial  ion  energy. 

Similar  to  Fig.  7,  Fig.  8  shows  the  axial  (Z) 
and  radial  (Y)  velocity  components  taken  along  the 
X  =  Y  =  0  line.  This  is  an  interesting  region  for  study 
since  it  interrogates  the  apparent  re-circularization 
and/or  back- flow  zone  near  the  thruster  face  at  the 
origin  of  the  coordinate  system  used  in  this  paper. 
This  region  is  interesting  in  that  long  duration  firings 
of  similar  thrusters  have  developed  regions  of  surface 
erosion,  presumably  due  to  sputtering.  A  very  similar 
rectangular  600  W  thruster  experienced  considerable 
erosion  on  the  thruster  face  following  an  extended 
operation,  particularly  on  the  surface  of  the  central 
magnetic  core.  Figure  9  illustrates  photographically 
the  extent  of  the  erosion  on  the  central  core  where  ion 
sputtering  has  removed  the  alumina  coating  which 
protects  the  face  of  the  thruster  from  the  ambient 
plasma. 

IV.B.  Three  Dimensional  Ion  Velocity  Field 

Figure  10  shows  and  Z  and  Y  velocity  compo¬ 
nents  measured  at  four  different  positions  about  the 
thruster.  These  correspond  to  the  acceleration  chan¬ 
nel  centerline  location  at  the  thruster  four  cardinal 
directions.  This  plot  shows  some  of  the  expected 
symmetry,  particularly  for  the  Y  velocity  component 
which  is  this  case  can  either  be  the  Hall  thruster  ra¬ 
dial  velocity  or  the  azimuthal  velocity.  Ideally  the 
Z  velocity  profiles  would  be  identical;  however,  this 
does  not  appear  to  be  the  case.  As  shown  in  Fig.  4 
the  cathode  is  located  on  the  negative  Y  axis  and 
closest  to  the  Y  =  -28  mm,  X  =  0  mm  cardinal. 
Interestingly,  the  velocity  data  on  the  cardinal  ex¬ 
hibits  a  marked  departure  from  the  other  data  sets 
which  are  all  very  similar  and  exhibit  higher  thruster 
exit  velocities  than  does  this  case  nearest  the  cath¬ 


ode.  We  are  not  aware  of  any  previous  studies  which 
have  directly  demonstrated  this  degree  of  nonuniform 
axial  acceleration  due  to  the  cathode;  however,  we 
are  aware  of  one  published  numerical  study  showing 
that  proximity  to  a  the  cathode  may  produce  an  az¬ 
imuthal  dependancy  on  the  axial  plasma  potential 
profiles.15  Although  at  least  one  previous  study  has 
postulated  azimuthal  variations  in  the  axial  plasma 
potential  profiles  producing  measurable  nonuniform 
erosion  in  a  Hall  effect  type  thruster,  the  effect  was 
linked  to  similar  nonuniformities  in  the  magnetic  field 
once  propellent  flow  nonuniformities  were  eliminated 
as  the  cause.16 

The  possibility  of  thruster  misalignment  has  been 
largely  eliminated  as  a  possible  source  of  the  differing 
axial  acceleration  profiles  shown  in  Fig.  10.  Prior  to 
the  measurements,  the  Y  axis  motion  was  confirmed 
to  be  parallel  to  the  thruster  front  face  to  within 
1  mm  across  the  ±54  mm  of  the  thruster  front  face. 
The  same  procedure  was  followed  with  similar  results 
for  the  X  axis.  This  alignment  was  confirmed  follow¬ 
ing  the  acquisition  of  the  data  presented  in  this  work. 
These  measurements  do  not  completely  exclude  the 
possibility  of  minor  thruster  manufacturing  misalign¬ 
ments,  but  these  seen  unlikely  to  produce  the  results 
seen.  It  is  however  obvious  that  this  data  raises  sev¬ 
eral  questions  that  require  further  study. 

Depending  on  location  of  the  LIF  interogated  vol¬ 
ume,  it  is  possible  to  measure  the  azimuthal  velocity 
of  the  ions.  This  may  be  performed  by  examining 
the  Y  axis  velocity  component  on  the  X-Z  plane  with 
Y  =  0.  The  electron  Hall  current  is  azimuthal  within 
the  acceleration  channel  of  the  thruster  and  is  respon¬ 
sible  for  the  closed  electron  drift  on  which  Hall  effect 
thrusters  rely  on  to  function.  A  major  premise  of 
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the  operation  of  these  electrostatic  thrusters  is  that 
the  electrons  are  magnetized  and  the  ions  are  not, 
primarily  due  to  the  2.4  x  105  ratio  in  the  relative 
masses  despite  the  100  x  higher  electron  temperature. 
This  results  in  Larmor  radii  for  the  electrons  on  the 
order  of  millimeters  while  the  ion  Larmor  radii  are  es¬ 
timated  to  be  on  the  order  of  several  10’s  of  centime¬ 
ters.  However,  it  is  known  that  ions  do  posses  some 
azimuthal  component  to  their  velocities  and  this  has 
not  been  extensively  studied. 

Figure  11  shows  both  a  plot  of  the  Z  velocity  com¬ 
ponent  and  the  measured  azimuthal  velocity  compo¬ 
nent  at  X  =  ±27,  ±28,  and  ±29  mm,  Y  =  0,  and 
Z  =  5  mm.  The  azimuthal  component  can  be  es¬ 
timated  to  be  the  mean  (475  m/s)  of  the  Y  veloc¬ 
ity  components  from  X  =±28  mm.  Assuming  that 
the  Hall  thruster  ionizes  100%  of  the  xenon  propel¬ 
lant  and  using  the  mean  radius  as  a  reference,  the 
torque  produced  by  the  thruster  is  estimated  to  be 
3.2  x  10-5  Nm.  The  475  m/s  azimuthal  velocity 
for  this  600  W  thruster  is  larger  than  the  250  m/s 
measured  on  a  1.35  kW  SPT-100  Hall  thruster  by 
Manzella.6  However,  this  is  consistent  with  scal¬ 
ing  relations  that  would  lower  the  magnetic  field  as 
the  thruster  geometry  grows.  Using  the  ratio  of  the 
outer  diameters  (64  mm  for  the  BHT-600;  100  mm  for 
the  SPT-100)  the  measured  ion  azimuthal  velocities 
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Figure  11.  Axial  and  azimuthal  velocities  at  X  =  ±27,  ...  ± 
30  mm,  Y  =  0,  Z  =  5  mm. 


are  very  nearly  inversely  proportional  to  acceleration 
channel  diameter.  This  is  also  in  proportion  to  the 
magnetic  field  as  predicted  from  Hall  thruster  geo¬ 
metrical  scaling  arguments  for  constant  accelerating 
potential.17 

Less  well  understood  is  the  azimuthal  velocity  axial 
evolution  in  the  plume.  Figure  12  examines  the  az¬ 
imuthal  velocity  into  the  plume  from  the  exit  plane  to 
100  mm  distant.  The  azimuthal  velocity  appears  to 
grow  some  in  the  near  plume.  This  is  not  surprising 
since  a  significant  fraction  of  axial  ion  acceleration  oc¬ 
curs  outside  the  physical  confines  of  the  acceleration 
channel.  It  is  therefore  logical  to  assume  that  some 
portion  of  the  electron  Hall  drift  current  also  is  flow¬ 
ing  outside  the  thruster.  This  may  explain  the  ap¬ 
parent  increase  in  the  azimuthal  velocity  in  the  same 
20  mm  near  exit  plane  region  where  Figs.  7  and  10 
show  all  the  external  acceleration  to  have  been  com¬ 
pleted.  It  is  interesting  to  note  that  the  azimuthal  ve¬ 
locity  is  clearly  discernible  throughout  the  measure¬ 
ment  volume  and  likely  further  downstream. 
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Figure  12.  Azimuthal  velocity  evolution  in  to  the  plume 
(X  =  ±27,  ...  ±  30  mm,  Y  =  0,  Z  =  0  mm  to  100  mm. 


V.  Discussion  and  Conclusions 

The  ion  flow  field  in  the  near  plume  region  of  a 
xenon  600  W  Hall  effect  thruster  is  characterized 
using  LIF  for  a  single  nominal  operating  condition 
with  an  anode  potential  of  300  V.  The  flow  is  reason¬ 
ably  complex  in  that  there  are  interactions  between 
various  ion  populations  which  are  not  fully  under¬ 
stood,  but  may  be  collisional  or  related  to  electro¬ 
static  shocks  which  may  produce  the  luminous  cen¬ 
tral  core  of  the  plume  as  illustrated  in  Fig.  13.  The 
physical  extent  of  the  central  core  feature  correlates 
closely  to  where  multiple  radial  velocity  components 
are  shown  in  Fig.  5.  This  bright  jet  feature  is  presum¬ 
ably  caused  by  a  yet  to  be  definitively  identified  inter¬ 
action  between  the  multiple  ion  population  streams 
and  possibly  background  neutrals  in  the  vacuum  test 
facility. 

Significant  external  ion  acceleration  occurs  and  is 
consistent  with  that  seen  in  other  Hall  thrusters.  Ap¬ 
proximately  70  eV  of  energy  is  added  the  axial  energy 
of  the  ions.  Uniquely,  these  series  of  measurements 
examines  the  uniformity  of  the  axial  ion  acceleration 
and  found  that  differences  that  were  particularly  sig¬ 
nificant  nearest  the  cathode  neutralizer.  At  this  lo¬ 
cation,  the  exit  plane  velocity  was  lowest;  although, 
the  external  acceleration  did  produce  a  uniform  axial 
velocity  by  20  mm  downstream  of  the  thruster  exit. 

This  study  also  measured  the  475  m/s  azimuthal 
velocity  on  two  sides  of  the  Hall  thruster.  These  mea¬ 
surements  yielded  azimuthal  velocities  inversely  pro¬ 
portional  to  the  thruster  characteristic  geometry  (in 
this  case  the  outer  diameter  of  the  acceleration  chan¬ 
nel)  when  compared  to  previous  LIF  measurements  of 
the  SPT-100  by  Manzella.  Invoking  geometrical  Hall 
thruster  scaling,  this  shows  the  azimuthal  ion  veloc¬ 


Figure  13.  Photograph  of  the  cylindrical  BHT-600  Hall 
thruster  plume  with  the  plume  central  core  clearly  identi¬ 
fiable. 


ity  component  to  be  approximately  proportional  to 
the  applied  magnetic  field.  It  is  interesting  to  note 
that  azimuthal  velocity  increases  in  the  same  region 
where  the  external  axial  acceleration  occurs  which  is 
consistent  with  the  supposition  that  a  portion  of  the 
electron  Hall  drift  current  is  closed  in  the  near  field 
plume. 

This  effort  has  only  examined  the  near  exit  plane 
velocity  field  of  a  single  operating  condition.  In  order 
to  fully  characterize  this  thruster,  several  other  op¬ 
erating  conditions  also  require  careful  examination. 
One  item  of  future  interest  is  understanding  the  ef¬ 
fect  of  the  vacuum  chamber  conditions,  particularly 
background  pressure,  on  the  plume  dynamics  of  Hall 
thrusters.  This  would  be  best  served  by  extending 
velocity  measurements  into  the  acceleration  channel 
to  fully  characterize  the  ion  acceleration.  This  effort 
will  be  presented  in  several  later  papers.12,18 

Another  important  issue  is  that  the  concept  of  a 
single  velocity,  or  even  several  distinct  velocities,  is 
inadequate,  particularly  in  regions  where  significant 
interaction  of  velocity  populations  occur.  Although 
the  concept  of  a  single  ion  velocity  remains  useful  for 
the  presentation  and  interpretation  of  LIF  data,  it  is 
also  possible  to  view  the  resulting  fluorescence  line 
shapes  as  an  indication  of  the  velocity  distribution.13 
A  more  accurate  analysis  of  the  true  plume  ion 
dynamics  would  be  to  extract  velocity  distribution 
functions  from  fluorescence  traces.  This  would 
provide  an  invaluable  data  for  comparison  with 
various  existing  Hall  thruster  device  models  and 
simulations. 
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